A flexible and stable photodetector shows great potential applications in intelligent wearable devices, health monitoring, and biological sensing. The high-output fabrication of flexible and stable photodetector via the large-scale printing process would accelerate its commercialization. Herein, a high performance, flexible organic bulk heterojunction (BHJ) photodetector with good stability is designed and fabricated via a large-scale roll-to-roll (R2R) micro-gravure printing technique on polyethylene terephthalate (PET) or paper substrate, in which the organic BHJ active layer is structured with [6,6]-phenyl C 61 butyric acid methyl ester (PCBM) and a donor-acceptor copolymer, i.e., employing 4,8-bis(2-ethylhexylthiophene) benzo[1,2-b;3,4-b′] dithiophene (BDTT) as the donor unit and 5,8-bis(5-thiophen-2-yl)-6,7-difluoro-2,3-bis(4-ethylhexyloxy-1-mata-luorophenyl) quinoxaline (ffQx) as the acceptor unit (PBDTT-ffQx). The PBDTT-ffQx/PCBM BHJ photodetector shows a broad photoresponse in ultraviolet and visible light, a high detectivity (D*) value up to 6.19 × 10 11 Jones, and an excellent I photo /I dark as high as 5.6 × 10 2 . It exhibits excellent flexibility and stability. Its performance parameters could maintain over 80% of original values after bending 10,000 cycles or exposing in ambient condition (humidity~50%, temperature~30°C) for 50 days without any encapsulation. More importantly, the R2R micro-gravure printed PBDTT-ffQx/PCBM BHJ active layer is great homogeneous, and the responsivity (R) values of photodetector arrays show a very narrow distribution. The research results show that a high-performance PBDTT-ffQx/PCBM BHJ photodetector with well reliability and reproducibility can be fabricated via the R2R micro-gravure printing technique, which provides an available strategy for fabricating large-area and flexible electronic and optoelectronic devices.
INTRODUCTION
The photodetector is an important optoelectronic device, and directly converts the incident light to electrical signal. [1] [2] [3] [4] Organic photodetector has been attracting great attention and shows widely potential applications in intelligent wearable devices, health monitoring, biological sensing, and so on, resulting from the advantages of low cost, solution-processability, flexibility, as well as chemically tailoring and structural diversity for organic semiconductor materials. [5] [6] [7] With the rapid development of chemical designs, all kinds of novel organic semiconductors with customized properties have been synthesized for optoelectronic devices, [8] [9] [10] and some conjugated polymers have been employed as the active materials in an organic photodetector, such as monoaniline-capped poly[(4,4′-bis(2-ethylhexyl)-dithieno [3,2- [3,4-c] pyrrole-4,6-dione (PDTSTPD). [11] [12] [13] Blending the active materials to form bulk heterojunction (BHJ) would greatly improve certain performance parameters of the organic photodetector, implying that BHJ is a possible route to enhance the performance of the organic photodetector.
14 Roll-to-roll (R2R) printing techniques, offering the advantages of large-scale and low-cost process and high output with highquality printed films, have been developed to fabricate large-area organic solar cells and a perovskite nanowire photodetector. [15] [16] [17] However, almost all of high-performance organic optoelectronic devices are fabricated by spin-coating or thermal evaporation techniques in laboratory, which are high-material-wasting and low-output fabrication process. 18, 19 Thus, it is very meaningful to further study R2R printing parameters and technologies for producing high-performance optoelectronic devices, which would accelerate the commercialization of printed optoelectronic devices.
Our newly developed organic donor-acceptor (D-A)-conjugated polymer material, employing 4,8-bis(2-ethylhexylthiophene) benzo[1,2-b;3,4-b´] dithiophene (BDTT) as the donor unit and 5,8-bis(5-thiophen-2-yl)-6,7-difluoro-2,3-bis(4-ethylhexyloxy-1-mataluorophenyl) quinoxaline (ffQx) as the acceptor unit (PBDTT-ffQx), was used in polymer solar cells and exhibited a power conversion efficiency of 8.6%, showing excellent light absorption properties. 20 Herein, the high-performance, flexible organic photodetector is designed with bulk heterjunction (BHJ) composed of PBDTT-ffQx and [6, 6] -Phenyl C 61 butyric acid methyl ester (PCBM), and fabricated by the large-scale, R2R micro-gravure printing technique on polyethylene terephthalate (PET) and paper substrate. The PBDTT-ffQx/PCBM BHJ photodetector shows a broad photoresponse in ultraviolet (UV) and visible (Vis) light with responsivity (R) over 0.92 A/W, a high detectivity (D*) value up to 6.19 × 10 11 Jones, and an excellent I photo /I dark as high as 5.6 × 10 2 . More importantly, the distribution of R values is in a very small scope for the R2R printed, large-area photodetector arrays, implying that R2R printed BHJ thin film is very homogeneous with good reliability and reproducibility. Meanwhile, the performance parameters can maintain over 80% of original values after bending 10,000 cycles or exposing in ambient condition for 50 days without any encapsulation.
RESULTS AND DISCUSSION
R2R micro-gravure printed PBDTT-ffQx/PCBM BHJ thin film The molecular structure of conjugated polymer PBDTT-ffQx is shown in Fig. 1a , which is constituted with a donor unit of BDTT and an acceptor unit of ffQx. The PBDTT-ffQx and PCBM (Fig. 1b) were blended to form the active materials. The PBDTT-ffQx/PCBM BHJ active thin film was fabricated by a large-scale, R2R microgravure printing method (Fig. 1c) , and the schematic configuration of PBDTT-ffQx/PCBM BHJ photodetector is shown in Fig. 1d . The R2R micro-gravure printed, large-area PBDTT-ffQx/PCBM BHJ thin films on flexible PET and paper are shown in Figure S1 . Because of long branched chain structure of PBDTT-ffQx, the photongenerated electrons could be transferred inside the molecular and adjacent molecules with low recombination. 20 Meanwhile, the PCBM could play as a significant role for extracting and transferring photon-generated carriers. 21 The PBDTT-ffQx and PCBM are excellent organic semiconductor materials with good air stability and flexibility, as well as energy level matching with each other, which would lead to great potentials in high-performance organic photodetectors.
The surface morphology of PBDTT-ffQx/PCBM BHJ thin film is shown in Fig. 2a and b . With optimizing the printing parameters, the PBDTT-ffQx/PCBM BHJ thin film shows a smooth and compact morphology with the surface root-mean-square roughness as low as 5.64 nm, which would cause to a low density of interfacial defects. 22 The scanning electron microscope (SEM) and optical microscopy morphology images of PBDTT-ffQx/PCBM BHJ thin film on PET in Figure S2a and c suggest that R2R micro-gravure printed thin film is smooth as well, but the rough paper substrate would result in a rough surface for PBDTT-ffQx/PCBM BHJ thin film ( Figure S2b and d) . The transmission electron microscope (TEM) image (Fig. 2b) indicates the microcrystal phase separation of PBDTT-ffQx/PCBM BHJ thin film, which is beneficial for charge transport in PBDTT-ffQx that could be separated at the interface between PBDTT-ffQx and PCBM. 20 The very thin PBDTT-ffQx/PCBM BHJ film would not absorb sufficient light for producing electron-hole (e-h) pairs, while the very thick layer would lead to the recombination of electron-hole pairs. Thus, the optimized thickness of R2R printed PBDTT-ffQx/PCBM BHJ thin film is about 250 nm, as the cross-sectional SEM image shown in Figure S3 . Figure 2c shows the UV-Vis absorption spectra of PBDTT-ffQx, PCBM, and PBDTT-ffQx/PCBM BHJ thin films. For the PBDTT-ffQx thin film, there is strong and broad absorption ranged from 320 to 700 nm, revealing that the PBDTT-ffQx is an excellent light harvester. While the main absorption peak of PCBM thin film is about 350 nm. It is worth noting that the absorption spectra of PBDTT-ffQx/PCBM BHJ thin film includes both of the characteristic peaks of PBDTT-ffQx and PCBM, leading to the enhanced intensity of light absorption, which is potential for the high-performance photodetector. The time-resolved photoluminescence (PL) traces are representative of the transient evolution of e-h population after impulsive photoexcitation, which could be used to quantify the carrier dynamics and evaluate the carriers lifetime. 23 The carrier lifetime of PBDTT-ffQx/PCBM BHJ thin film (0.40 ns) is almost double to that of PBDTT-ffQx thin film (0.21 ns), as shown in Fig. 2d . The PCMB is a classic electron transport material, but it could also have the ability of transporting hole. It has been proved that the fullerene materials could be acted as p-type layer in heterojunction organic solar cells with proper energy levels. 24, 25 Thus, the PCBM would extract the holes from the PBDTT-ffQx, leading to the decreased recombination of e-h pairs in PBDTTffQx thin film and the dramatically enhanced carrier lifetime, which would be helpful to produce the high-performance photodetector. PBDTT-ffQx/PCBM BHJ photodetector The PBDTT-ffQx/PCBM BHJ thin film was used to fabricate the photodetector, and the photosensitivity could be confirmed by photocurrent measurements at the different power intensity, as shown in Fig. 3a and Figure S4 . The photodetector shows strong intensity-dependent properties, i.e., the photocurrent increases with the light intensity linearly resulting from the number of photo-excited charge increases with the photon counts. The photocurrent comes from the transport of photo-generated carriers under the illumination. Under the illumination at the wavelength of 365 nm, the current of the photodetector is enhanced dramatically from about 0.17 to 97.9 nA. Due to the generation of e-h pairs through the absorption of incident photons, the PBDTT-ffQx/PCBM BHJ thin film becomes more Large-scale roll-to-roll printed, flexible and stable S Tong et al.
conductive under the illumination. Especially, the devices have a photoresponse in a broad wavelength region from 365 to 808 nm, which is consistent with the results of UV-Vis absorption spectra. The R is an important parameter to describe the photodetector performance, and it can be obtained by the equation:
where I photo is the photocurrent, I dark is the dark current, P is the incident light density, and S is the effective illuminated area. 27, 28 The variations of photocurrent and R with the light density are shown in Fig. 3b . The photocurrent of the photodetector increases with the power intensity, while the R decreases dramatically and then remains at a value of about 0.3 A/W. Under 365 nm light illumination, the highest R is up to 1.15 A/W. As the photodetector is illuminated under the low light power density, the R values are very large, while it will be almost a constant value under the strong light, resulting from the dominated status of bimolecular recombination under strong light. 29, 30 The values of I photo /I dark as a function of voltage at the different wavelength are shown in Fig. 3c . Notably, the PBDTT-ffQx/PCBM BHJ photodetector exhibits a pronounced response in the UV and Vis region. The highest I photo /I dark up to 5.61 × 10 2 is obtained at 365 nm. Under Vis (532 nm) and NIR (780 nm) illumination, the values of I photo /I dark are decreased to be about 394 and 8, respectively. The wavelength dependence of R and D* is plotted in Fig. 3d . The R over 0.92 A/W can be obtained in the wavelength range from 365 to 650 nm, indicating that the PBDTT-ffQx/PCBM BHJ photodetector exhibits pronounced response from UV to the Vis light, which can be comparable to inorganic photodiodes and the fullerene based organic photodetectors. 21 Interestingly, the best R up to 1.15 A/W can be achieved at 365 nm, because the blending of PBDTT-ffQx and PCBM can enhance the light absorption coefficient in UV wavelength.
The D* is another important parameter for describing the detector performance and it can be calculated from the equation:
where R is the responsivity, A is the area of the detector, q is the unit charge, and I d is dark current. 31 Owning to the suppressed dark current and enhanced responsivity of the PBDTT-ffQx/PCBM BHJ photodetector, the best value of D* is as high as 6.19 × 10 The excellent repeatability and fast response time are the two important factors for the actual application of the photodetector. As shown in Fig. 4a , the reversible switching of the PBDTT-ffQx/ PCBM BHJ photodetector is almost exactly reproducible for 50 on/ off cycles, revealing the good photoresponse stability. The photoresponse of typical single normalized cycle is shown in Fig. 4b . The rise time (τ 1 ) and fall time (τ 2 ) could be measured, which are defined as the time to transition between the minimum current to the 90% of the maximum value, and from the maximum value down to its 10%, respectively. [32] [33] [34] The magnified images of rise time and decay time are shown in Fig. 4c and d , in which the τ 1 is 88.9 ms and the τ 2 is 66.7 ms, respectively. The photoresponse is related to the extraction of the photo-generated charge carriers. Due to the rapid separation of photon-generated e-h pairs at the interface and the high charge mobility, a fast response time of the PBDTT-ffQx/PCBM BHJ photodetector can be obtained.
To accurately evaluate the homogeneity of R2R micro-gravure printed PBDTT-ffQx/PCBM thin film, the large-scale PBDTT-ffQx/ PCBM BHJ photodetector array on flexible PET and paper were fabricated. The distribution diagram of the photocurrent and dark current are shown in Fig. 5a . The results were measured using 30 devices under 300 mW/cm 2 light irradiance at 365 nm and 10 V for a large scale, R2R micro-gravure printed PBDTT-ffQx/PCBM BHJ thin film. The photocurrents mainly distribute between 85 and 110 nA, while the dark current is between 0.16 and 0.19 nA. The , in which the τ 1 is 89.9 ms and the τ 2 is 66.7 ms, respectively. I max is the maximum value of photocurrent Large-scale roll-to-roll printed, flexible and stable S Tong et al.
narrow distribution of photocurrent and dark current suggest that PBDTT-ffQx/PCBM BHJ thin film fabricated via R2R micro-gravure printing is very homogeneous. Furthermore, the R values of photodetector array on PET and paper substrates are obtained as well, as shown in Fig. 5b . The average R value for the photodetectors on the PET substrate is about 0.268 A/W with a standard deviation of 0.015. For the photodetectors on paper substrate, the average value and standard deviation are 0.272 A/W and 0.016, respectively. The results clearly manifests that the R values fluctuate in a small scope, implying the good reliability and reproducibility for R2R micro-gravure printed, large-area PBDTTffQx/PCBM BHJ thin film. The flexibility of the R2R micro-gravure printed PBDTT-ffQx/ PCBM BHJ photodetector on PET substrates was measured and the results are shown in Fig. 5c, d . By controlling the distance between the adjacent stages, as shown in the inset in Fig. 5d , the bending radius of the PBDTT-ffQx/PCBM BHJ photodetector could be precisely controlled. The distance of adjacent stages is controlled from 12 to 5 mm via bending the flexible PBDTT-ffQx/ PCBM BHJ photodetector array followed by releasing it back to original state, of which the whole process is considered as one cycle. As shown in Fig. 5c , the I-V curves of a flexible PBDTT-ffQx/ PCBM BHJ photodetector on a PET substrate was tested for bending from 0 to 20,000 cycles, of which the tested device is positioned at the center of the flexible photodetetor array. Owning to intrinsic flexible property of PBDTT-ffQx and PCBM semiconductor materials, the photocurrent changes little in the first 5000 cycles, just decreasing from 109 to 99 nA. When the bending cycles is increased to 10,000 cycles, the photocurrent only decreases to 88.0 nA, which is still more than 80% of the initial value. What is more, it still can remain over 70% of the initial value even after being bended for 20,000 cycles.
The stability is critical for practical application of photodetectors as well. The PBDTT-ffQx/PCBM BHJ photodetectors were stored in ambient conditions without any encapsulation (humidity~50%, temperature~30°C). As shown in Fig. 6a , during the storage in 
ambient condition for 50 days, the photocurrent just decreased from 78.5 to 63.5 nA, i.e., about 20% degradation. Meanwhile, the dark currents are almost the same, proving that the PBDTT-ffQx/ PCBM BHJ photodetector exhibits excellent stability. The R values for 50 days storage in the UV-Vis regions is shown in Fig. 6b . The R values could maintain over 80% performance from UV to Vis regions. The excellent stability could be attributed to the intrinsically stable PBDTT-ffQx. Meanwhile, the stability could be dramatically improved via blending polymer semiconductors with fullerene materials, in which the formation of charge transfer complexes could be avoided. [35] [36] [37] As compared to recent progresses on organic BHJ photodetectors fabricated via spincoating or thermal evaporation, the R2R micro-gravure printed, large-area and flexible PBDTT-ffQx/PCBM BHJ photodetector has significant advantages on R and stability, and the results are summarized in the Table S1 .
Mechanism analysis of PBDTT-ffQx/PCBM BHJ thin film
In order to analyze the charge transport mechanism between PBDTT-ffQx and PCBM, ultraviolet photoemission spectroscopy (UPS) was used to measure the interface electronic structure. The work function (W F ) of PBDTT-ffQx and PCBM thin films were measured. It is the difference between the cut-off region and the Fermi energy (E f ) of the system (21.21 eV). As shown in Fig. 7a , the binding energy is about 3.51 eV for the PBDTT-ffQx thin film and 4.08 eV for the PCBM thin film. The band gaps of PBDTT-ffQx and PCBM are 1.80 and 2.0 eV, respectively. 20 The schematic energy levels of the PBDTT-ffQx and PCBM is shown in Fig. 7b . The highest occupied molecular orbital (HOMO) of thin films could be acquired directly from Fig. 7a . The gap between the HOMO and the E f for the PBDTT-ffQx thin film is 1.50 eV, which is larger than the value (1.31 eV) of the PCBM thin film, indicating that there is an effective hole transport path from the PBDTT-ffQx to the PCBM. The difference between the lowest unoccupied molecular orbital and the E f for the PBDTT-ffQx thin film is 0.30 eV, which is much lower than the value of 0.69 eV for the PCBM thin film, indicating that the electron transport from the PBDTT-ffQx to the PCBM would be prevented. Under the light illumination, the mainly photogenerated e-h pairs could be formed in PBDTT-ffQx and separated at the PBDTT-ffQx/PCBM interface. Owning to the ability of transporting hole, 24, 25 the photo-generated holes can be effectively extracted from the PBDTT-ffQx and transport in the PCBM to the electrode. Meantime, the photo-generated electrons can transport in the PBDTT-ffQx polymer network as well, which are linked by the D-A interface of polymer chains. Because of the energy level matching between the PBDTT-ffQx and the PCBM, the photo-generated e-h could be separated effectively, which would lead to a high photosensitivity for the PBDTT-ffQx/PCBM BHJ photodetector.
For further analyzing the molecular structure of BHJ thin film, Xray photoelectron spectroscopy (XPS) was used, and the results are shown in Figure S5 . As shown in molecular structure of PBDTTffQx (Fig. 1) , each PBDTT-ffQx unit has four F atoms and six S atoms, while the PCBM does not have these atoms, indicating that S and F are the characteristic elements in PBDTT-ffQx. The results suggest that both PBDTT-ffQx and PBDTT-ffQx/PCBM BHJ thin films have the same binding energy for the F 1s and S 2p, demonstrating that no chemical bond forms between the PBDTTffQx and the PCBM. In addition, the binding energy of N element is the same as well. XPS results prove the formation of BHJ thin film via blending the PBDTT-ffQx and the PCBM, while not the formation of chemical bonds.
In summary, the large area, flexible organic photodetector based on PBDTT-ffQx/PCBM BHJ were fabricated by the largescale, R2R micro-gravure printing technique on PET and paper substrates. The PBDTT-ffQx/PCBM BHJ photodetector showed a broadband wavelength response from UV to Vis, a high D* value up to 6.19 × 10 11 Jones, and an excellent I photo /I dark as high as 5.6 × 10 2 . The PBDTT-ffQx/PCBM BHJ photodetector was very flexible and stable. Being bended for 10,000 cycles or exposed to ambient condition for 50 days without any encapsulation, it could maintain the 80% of original performance parameters. More importantly, the large-area PBDTT-ffQx/PCBM BHJ thin film fabricated by R2R micro-gravure printing is very homogeneous, and the photodetector devices showed excellent reliability and reproducibility. It is believed that the flexible and stable PBDTTffQx/PCBM BHJ photodetector fabricated via the large-scale, highoutput R2R micro-gravure printing technique would be potentially matched with low-cost portable and wearable optoelectronic applications.
METHODS

Device fabrication
PBDTT-ffQx was synthesized via Stille coupling reaction in toluene using Pd (PPh 3 ) 4 (Acros Organics) as the catalyst. The polymer was purified by continuous Soxhlet extraction using methanol, hexane, and chloroform. The chloroform fraction was recovered and the solution was filtered through a silica gel column. The polymer was precipitated into methanol and collected via filtration. The previous work demonstrated the detailed experimental procedures for the synthesis of the monomers and copolymer of PBDTT-ffQx. 20 Then, the precursor solution was prepared by mixing PBDTT-ffQx and PCBM (Dye Source, American) at a weight ratio of 1:1 in anhydrous chlorobenzene (CB, J&K Seal) with the concentration of 20 mg/ml. Finally, a 3% 1,8-diiodooctane (TCI Chemical Co.) volume Fig. 7 a UPS spectra of cut-off region and HOMO region in PBDTT-ffQx and PCBM thin films. b Schematic energy levels of the PBDTT-ffQx and PCBM thin films Large-scale roll-to-roll printed, flexible and stable S Tong et al.
amount was added in precursor solution, and stirred for 3 h for the subsequent printing fabrication. The R2R micro-gravure printing was used to produce large-scale PBDTTffQx/PCBM BHJ thin film using a self-developed R2R printing machine. A patterned micro-gravure roller was engraved with a line density of 80 lines per cm, a spiral rib angle of 45°, and a depth of 45 μm. 17, 38 The formation process and the thickness of printed PBDTT-ffQx/PCBM BHJ thin film could be controlled via micro-gravure printing roller speed and web speed. Finally, R2R micro-gravure printed PBDTT-ffQx/PCBM BHJ thin film was dried in air condition naturally (temperature:~30℃, humidity:~40%). The gold and silver (Au/Ag) electrodes (80/220 nm) were thermally evaporated on the top of printed PBDTT-ffQx/PCBM BHJ thin film through a carbon fiber barred shadow mask with a channel width of 8 μm and channel length of 200 μm, respectively.
Measurements
All the samples were characterized in ambient conditions. The surface morphology of thin films was examined by using atomic force microscopy (Agilent Technologies 5500 AFM/SPM System, USA) and a transmission electron microscope (TEM, JEM-2100F, Japan). The absorption spectra and cross-section images of thin films were obtained by ultraviolet-visible spectrophotometer (UV-vis; Puxi, T9, China) and SEM (FEI Helios Nanolab 600i, USA). The spectroscopies of thin films were measured by an XPS system (ESCALAB 250Xi; ThermoFisher-VG Scientific) and UPS in a ultrahigh vacuum system, of which the pressure of analysis chamber is superior to 5 × 10 −10 mbar. The steady-state PL spectra were achieved using an intensified charge coupled device detector (DH334T-18U-03). The PL lifetime were measured using time-correlated single photon counting (MS3504I) measurements. The photodetector performance was measured using a probe station connected to a Keithley 4200 SCS semiconductor parameter analyzer under ambient conditions. The light power intensity was adjusted by insetting attenuation slices between the light source and the samples.
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